Objective To assess the onset, sequence, and rate of progression of comprehensive biomarker and clinical measures across the spectrum of Alzheimer disease (AD) using the Dominantly Inherited Alzheimer Network (DIAN) study and compare these to cross-sectional estimates.
Cross-sectional data from the Dominantly Inherited Alzheimer Network (DIAN) and other populations of autosomal dominant Alzheimer disease (ADAD) have identified a relatively consistent pattern of biomarker and clinical change spanning the decades before and after expected symptom onset. [1] [2] [3] [4] [5] [6] [7] Cross-sectional studies provide critical information to inform our understanding of the general pattern of biomarker changes relative to clinical symptoms [8] [9] [10] [11] and provide support for proposed models in both ADAD and sporadic late-onset Alzheimer disease (LOAD). 12 The predictability of symptom onset in ADAD facilitates longitudinal studies of the presymptomatic period by enabling the study of rates of change and temporal ordering of biomarker changes relative to the onset of dementia. 13 With increasing emphasis on prevention trials in Alzheimer disease (AD), characterization of preclinical pathologic changes is critical. 2, 14, 15 However, the longitudinal rates and order of different biomarker, cognitive, and clinical measures have not been evaluated comprehensively in a large, well-controlled study.
Our previous analysis of the disease trajectory has been highly informative in estimating the pattern of disease onset, but was based on cross-sectional data. 1 Such data are influenced by intersubject variability. Longitudinal data attenuate this and therefore provide more accurate information regarding the onset and course of changes over time. Here, we assessed the longitudinal pattern of changes in key imaging, CSF, cognitive, and clinical outcomes across the ADAD disease spectrum. We sought to (1) report the first longitudinal results of clinical, cognitive, and biomarker changes in DIAN across the disease spectrum and (2) compare results from longitudinal vs cross-sectional assessments to better understand the course of the disease.
Methods

Study design
Participants with at least 50% risk of inheriting an ADAD mutation from families with a confirmed genetic mutation in PSEN1, PSEN2, or APP were enrolled. At each study visit, participants underwent clinical assessments, cognitive testing, neuroimaging, and CSF studies. The details of study structure and assessments can be found in prior publications. 1, 16 In summary, follow-up intervals were determined by clinical status (normal or impaired) of each participant and by the estimated years to symptom onset (EYO): visits were annual for symptomatic participants and asymptomatic participants within (before or after) 3 years of their EYO and every 3 years for asymptomatic participants more than 3 years before EYO. Data were obtained from quality controlled data (January 26, 2009 26, -June 30, 2015 and included all 411 participants with baseline evaluations, 217 of whom had at least one follow-up visit during this period. The presence or absence of an ADAD mutation was determined using PCR-based amplification of the appropriate exon followed by Sanger sequencing.
Standard protocol approvals, registrations, and patient consents
The study protocol received approval by the institutional review boards of all participating sites. The DIAN study is performed in accordance with the Declaration of Helsinki and written informed consent was obtained from each participant.
Clinical assessments
Standardized clinical evaluations, including a study partner, was performed for each participant. The Clinical Dementia Rating scale (CDR) was used to indicate dementia stage. Participants were rated as cognitively normal (CDR = 0), very mild dementia (CDR = 0·5), mild dementia (CDR = 1), or moderate dementia (CDR = 2). 17 Evaluating clinicians were blind to genetic status and all biomarker results.
Estimated years to symptom onset
Symptom risk in DIAN is defined by EYO. EYO was defined as follows: a parental age at earliest symptom onset was established for each participant by semi-structured interview. The parental age at onset for each mutation was then entered into a database consisting of the combined symptom onset values from DIAN and from prior publications from ADAD cohorts to determine an average age at onset specific to each mutation. 13 Using this mutation-specific age at onset, each participant's age at the time of clinical assessment was subtracted to define the mutation EYO. When a specific mutation average age at onset was unknown, the parental or proxy age at onset was used to define EYO. 13 For participants who were symptomatic at baseline, as assessed by a CDR >0, the reported age at actual symptom onset was subtracted from age at each clinical assessment to define EYO.
Neuropsychological assessments
A comprehensive neuropsychological battery assessing general cognitive function, memory, attention, executive function, visuospatial function, and language was performed at each visit. 11 From these tests we developed a cognitive composite that reliably detects decline across the range of EYO and CDR. 18 The composite represents the average of Glossary Aβ = β-amyloid; AD = Alzheimer disease; ADAD = autosomal dominant Alzheimer disease; aMC = asymptomatic mutation carriers; CDR = Clinical Dementia Rating scale; DIAN = Dominantly Inherited Alzheimer Network; EYO = estimated years to symptom onset; FDG = fluorodeoxyglucose; LME = linear mixed effects model; LOAD = late-onset Alzheimer disease; MC = mutation carriers; NC = noncarriers; NFT = neurofibrillary tangle; p-tau = phosphorylated tau; PiB = Pittsburgh compound B.
the z scores from tests including episodic memory, complex attention, and processing speed, and a general cognitive screen (Mini-Mental State Examination) (e-Methods, doi. org/10.5061/dryad.f6sj385).
Brain imaging
The complete MRI [C-11] Pittsburgh compound B (PiB) PET and metabolic imaging with [F-18] fluorodeoxyglucose (FDG-PET) acquisition and imaging processing is detailed in previous publications. 19 A neocortical standardized uptake value ratio was used to determine levels of precuneus β-amyloid (Aβ) deposition and a precuneus region of interest for FDG metabolism, using cerebellar gray matter as the reference region and applying partial volume correction using a regional point spread function as previously described for PiB-PET. 20 We chose a single precuneus (average of both hemispheres) region for FDG based on prior work in this and other ADAD cohorts indicating this region as the earliest effected by a number of different imaging measures. 3, 5, 19 The corresponding structural MRI was used at each visit for registration of the PiB-PET. We have previously demonstrated that for PiB-PET there were no significant differences in results when using a cerebellar, pons, or white matter reference. 21 CSF collection and analyses Aβ1-42, total tau, and tau phosphorylated at threonine 181 (p-tau 181 ) were measured by immunoassay (INNO-BIA AlzBio3; Innogenetics, Gent, Belgium). In order to limit methodologic variability, a single immunoassay lot number was used, and longitudinal samples from a given individual were run on the same assay plate.
Statistical analyses
Demographic characteristics were compared between mutation carriers (MC) and noncarriers (NC) using 2-sample t tests or Pearson χ 2 tests.
Rate of change Individual estimates
The best linear unbiased estimators of the individual's rate of change over the follow-up was estimated using general linear mixed effects model (LME) and then were plotted against baseline EYO using local regression (LOESS) 22 (figure 1) only for those participants with at least 2 measurements. Based on the LOESS curves, we then determined the most appropriate pattern of change across the total baseline EYO period for each variable using the goodness-of-fit Akaike information criterion, e.g., linear with a change point (spline) (model A), linear (model B), no association (model C), or quadratic data (e-Methods, 
Groupwise estimates
The optimal models identified for each outcome were then used for the groupwise estimates and included any participant with at least one measurement. For each outcome, we evaluated (1) the association between the rate of change and baseline EYO; (2) the baseline EYO point where the rate of change became significantly different between MCs and NCs; (3) the baseline EYO point where the significant difference occurred cross-sectionally between MCs and NCs. We repeated each analysis for asymptomatic MCs also to assess whether the rate of change estimates were overly influenced by the symptomatic population. For model C, fixed effects included sex, time since baseline, mutation group (carriers vs noncarriers), and baseline EYO; random effects included random intercepts for each family to account for the family cluster correlation, random intercepts, and slopes for each individual with unstructured covariance matrix to account for correlation among repeated measures. When the association between baseline EYO and the rate of change is modeled using models A and B, the same fixed effects and random effects as in model C were used, plus all possible 2-or 3-way interactions among baseline EYO, mutation group, and follow-up time were included in the model to estimate the rate of change and mean of each outcome at each EYO point.
To visualize the differences in the estimated longitudinal change vs cross-sectional change, 5-year intervals of longitudinal change estimated using the LMEs was plotted with 5-year intervals of cross-sectional change estimated using a LOESS against baseline EYO. Finally, to visualize the order and magnitude of the rate of change over EYO for all outcomes together, we converted each to z scores using the mean and the SD values for all MCs and NCs. Each participant's z score rate of change was estimated using LME models and plotted in one figure using LOESS.
All p values were based on 2-sided tests and values <0.05 were considered significant. All analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC). All missing data were considered missing at random. The model accuracy for each step of the analyses was evaluated to ensure no violations of the underlying assumptions for the methods used.
Data availability
All data used in the preparation of this manuscript are available upon request to qualified researchers. Information can be found at dian.wustl.edu/our-research/observational-study/ dian-observational-study-investigator-resources/data-request-terms-and-instructions/.
Results
Study participants
We analyzed 411 individuals (217 with repeated visits) from the DIAN cohort (table 1) . Of the MC, 197 (78.5%) had PSEN1, 20 (7.9%) PSEN2, and 34 (13.5%) APP mutations and 56.9% were asymptomatic at baseline (CDR 0). The mean (SD) estimated age at onset of symptoms was 47.20 (7.1) years. The number of individuals with longitudinal assessments varied by the different outcomes (i.e., CSF vs clinical) and ranged from 121 to 217 (table 2) with a mean follow-up over 2 years (figure 1).
Longitudinal rates of change
Estimates of individual rates of change over baseline EYO in MC and NC In MC, there was no association between the rate of change and baseline EYO for CSF tau (figure 2H), relatively linear associations for precuneus-FDG, PiB, and CSF Aβ 42 (figures 2, C, E and F), and linear association with 2 splines (2 different linear phases) for the cognitive composite, CDR sum of boxes, CSF p-tau, and hippocampal volumes (figure 2, A, B, D, and G), indicating different rates of change at different stages of the disease. The goodness-of-fit indices suggested a change point at baseline −7 EYO for CSF p-tau, −4 EYO for cognitive composite, −3 EYO for hippocampal volumes, and −1 EYO for CDR sum of boxes (figure e-1 and table e-1, doi.org/10.5061/ dryad.f6sj385). Table 3 provides the estimate for each measure associated with time in the model with p values for the spline in EYO indicating the existence of the change points: the estimates for each outcome are shown for the asymptomatic MCs (aMCs) only and for all MCs (CDR 0 and greater). Table e-2 (doi.org/10.5061/dryad.f6sj385) provides the annual EYO estimates for the rate of change for each biomarker from as early as −25 to +10 within MC and between MC and NC.
Over EYO, Aβ demonstrated the earliest detectable change, beginning at least 25 years before estimated symptom onset (table 4) . Between the 2 measures of Aβ, fibrillar amyloid continuously increased across EYO (annual mean percent change) (6.1%), and CSFAβ 42 demonstrated a decrease in rate of change (−8.8%) that slowed near symptom onset (table e-2, doi.org/10.5061/dryad.f6sj385) (figure 2). Less than 10 years after the start of Aβ change, there was evidence of a decline in precuneus metabolism at −17 EYO (−1.16%). Following metabolic changes, CSF p-tau declined at −3 EYO (−9.7%), cognition also declined at −3 EYO (−0.08 standard units), hippocampal atrophy accelerated at −2 EYO (−1.4%), and CDR sum of boxes increased at 0 (0.64 boxes). Both CSF tau and p-tau in MCs showed significantly higher levels In general, the estimated rates of change were greater when including all MCs, with the exception of CSF tau and p-tau, which demonstrated a positive rate of change nearly 3 times greater for the aMCs (not statistically significant) relative to the estimates for all MCs. This suggested a greater rate of elevation of soluble tau measures prior to the onset of symptoms and a decline with the onset of cognitive decline (table 3) , whereas with most other variables the estimated rates of change remained in the same direction over the course of the disease. Importantly, the mean to SD ratio for both tau measures was the largest of all the variables that decreases the sensitivity for identifying longitudinal change. For NCs, there was evidence of an increase in precuneus FDG from −25 to −14 EYO (table e-2, doi.org/10.5061/dryad.f6sj385). Otherwise, no other annual rates of change for any biomarker in NCs were different from zero over EYO.
To visualize the order and rate of change over EYO for all variables together, each individual's standardized values were then used to estimate an annualized rate of change across the EYO (figure e-2, doi.org/10.5061/dryad.f6sj385) that was comparable between outcomes. In the figure, the mark on each line indicates the EYO point when the rate of change for that measure was statistically different between MCs and NCs as defined above.
Longitudinal and cross-sectional estimates of change in MC and NC To compare the predicted change based on the longitudinal data with those based on cross-sectional data, the analyses were repeated to determine the EYO point where the means of each outcome at baseline (cross-sectional estimates) for all MCs first became statistically significant compared with NCs. We found that the order of change was relatively similar between longitudinal and cross-sectional estimates, particularly for amyloid PET, FDG PET, and hippocampal volumes (table  2 ). Yet, there were large differences in the EYO point of change (more than 10 years) for CSF measures in longitudinal vs cross-sectional estimates. Further, the longitudinal rates of change were different from the cross-sectional estimated change for some measures (figure 3). Most striking of Abbreviations: Aβ = β-amyloid; CDR = Clinical Dementia Rating scale; DIAN = Dominantly Inherited Alzheimer Network; EYO = estimated years to symptom onset; FDG = fluorodeoxyglucose; p-tau = phosphorylated tau; SUVR = standardized uptake value ratio. a p Values were calculated without taking into account the family cluster correlation and were similar to those calculated using mixed effects models to account for the family cluster correlation. these were the differences demonstrated in CSF tau and p-tau; whereas the cross-sectional estimates showed a large increase over EYO in MCs, the longitudinal estimates suggested only a modest increase in CSF tau and mostly negative rates of change for CSF p-tau.
Discussion
Identifying the neurodegenerative cascade in AD is critical to better understand the underlying biology and developing therapies to modify the disease trajectory. An advantage of ADAD is disease predictability, thus allowing participants who enroll at different stages of disease to be combined to model disease progression over decades. 1, 3, 19 Based on comprehensive longitudinal data in the DIAN population, we find a period of approximately 25 years where critical changes in AD biomarkers emerge, including (1) the onset of Aβ-related changes, starting at least 25 years before anticipated symptom onset; (2) the onset of significant changes in markers of neuronal function (i.e., precuneus metabolism) beginning approximately 17 years before anticipated symptom onset; and (3) evidence of significant neuronal functional decline (i.e., decline in cognition and accelerated hippocampal atrophy) approximately 5 years before anticipated symptom onset with a dramatic decline in CSF p-tau 181 . Importantly, these data describing within-participant changes in biomarkers offer the most comprehensive understanding of the pathobiology of ADAD to date. The results provide critical information necessary for pathology-specific prevention efforts and suggest optimal enrollment windows for targeting disease stage in ADAD (e.g., primary vs secondary vs tertiary prevention), and possibly LOAD. Based on the longitudinal data, we identified important differences in the rates and patterns of progression 1,3,23 compared with cross-sectional based estimates. First, we show that the time period between initial increase in aggregated Aβ and accelerations in other biomarkers may occur at different intervals than those previously reported, 1, 24 including earlier changes in precuneus metabolism and, possibly, elevated CSF p-tau (table 2) . Further, the longitudinal estimates for some of the biomarkers indicated a more rapid change (e.g., FDG, CSF Aβ42, and p-tau 181 ) than predicted from cross-sectional estimates, an important consideration for interventional trial design, particularly in prevention trials aimed at trying to intervene prior to the change point in specific biomarker and clinical measures. Our findings of CSF Aβ42 and PiB-PET (fibrillar plaques) beginning to change at nearly the same time differs from some reports from non-ADAD where either measure has been demonstrated to change first. 25, 26 Yet one such study in ADNI using the same xMAP-AlzBio3 assay for CSF Aβ1-42 found similar levels of Aβ1-42 in PiB-negative elderly participants 25 as the NC in DIAN. This highlights the importance of also exploring longitudinal changes in order to determine the point when abnormal changes begin. Differences in populations and measurements (amyloid radiotracers and CSF) and reference regions will likely contribute to relative differences in the timing of when biomarkers change. Nonetheless, this and work in LOAD confirms that both populations demonstrate nearly the same temporal ordering of amyloid changes first, followed by other non-Aβ biomarkers. Abbreviations: CDR = Clinical Dementia Rating scale; EYO = estimated years to symptom onset; FDG = fluorodeoxyglucose; MC = mutation carrier; NC = mutation noncarrier; p-tau = phosphorylated tau; PiB = Pittsburgh compound B; SUVR = standardized uptake value ratio.
Cognitive composite z score/y; CSF tau and p-tau (pg/mL/y); FDG and PiB PET (SUVR/y). a The mean for NC is 4,366, which was used to calculate the percent change. b The mean for NC is 530, which was used to calculate the percent change. Table 4 Ordering of outcomes by estimated years to symptom onset (EYO) point where significantly different rates of change and where significant differences in the means of each outcome at baseline were identified between mutation carriers (MC) and noncarriers (NC) Second, we found that the pattern of longitudinal increases in soluble CSF tau peptides was unexpectedly modest when modeled across the disease spectrum (figure 2, G and H). This is, in part, a result of the statistical method used, which estimates change based on the entire population. The result is that the large decline in CSF p-tau for the symptomatic population influences the overall estimates across the disease spectrum. It is clear that for total tau and p-tau, the MC group has significantly higher absolute levels than NCs between 15 and 10 years before anticipated symptom onset. Yet, the rate of change for both measures in the CDR 0 group only (table  3) demonstrated an increase of nearly 3 times the annual estimated change compared to the entire cohort. Further, we confirmed previous findings in the DIAN population that CSF p-tau decreases significantly as symptom onset approaches. 27 One possible explanation for this decline is the spread of neurofibrillary tangle (NFT) pathology and the subsequent sequestration of soluble p-tau, as suggested in transgenic animal studies 28 ; this finding is similar to the dynamics of soluble and fibrillar Aβ 29 previously identified. This may also explain why the largest decline in p-tau appears to occur relatively close to the onset of clinical symptoms, as postmortem studies have consistently linked NFT burden to the degree of cognitive impairment. Work in LOAD has suggested that CSF tau levels may decline with disease progression, but the changes in p-tau identified here have not yet been reported. 30 There may be nonbiological contributions to the CSF tau findings, including small numbers of participants at the extremes of EYO and limitations of the method used in this study to measure the soluble tau peptides (i.e., larger variance for both soluble tau measures compared to other variables, which limits the precision of the measurement to detect consistent intraindividual changes over time). The multisite nature of DIAN could contribute to CSF variability, but we found similar results when we restricted the assessment to a single site with the largest number of samples. Further, a recent study in ADNI reports the same direction of within-person longitudinal change in these markers in individuals diagnosed with LOAD. 31 To address this, more participants and alternative measurement techniques will likely be required.
Third, the longitudinal estimates also provide a refinement of the trajectories of biomarker changes in ADAD and help to better understand how each might be related to the other and to disease progression. For instance, in this population, the development of fibrillar Aβ pathology, once started, appears to continue to accumulate in a relatively linear fashion and preceded others. Importantly, the rates of increase of cortical PiB in the DIAN population are similar to those identified in non-ADAD populations in a number of recent studies using PiB (0.04-0.06 SUVr/year, 24 and Jack et al., 32 0.05-0.10 in the dynamic phase). However, we found evidence of a nonlinear pattern with some other biomarkers appearing to plateau (e.g., CSF Aβ and tau peptides), whereas in others, there was a slower change towards a threshold, followed by a more rapid acceleration of abnormality (e.g., hippocampal volumes and cognition). This suggests that if amyloid pathology triggers other pathologies of the disease, the relationship is not a linear one, and that once a certain threshold (e.g., of amyloid burden) is exceeded, the subsequent rate of change of other biomarkers (i.e., CSF p-tau) may become autonomous and more difficult to predict how further changes in amyloid pathology will relate to further changes in nonamyloid pathologies. Similarly, predicting how lowering amyloid plaque levels will affect other biomarkers and disease progression once the pathologic thresholds have been exceeded will be challenging. This also suggests that in the case of amyloid targeting therapies, identifying the burden of amyloid pathology where other (nonamyloid) biomarkers begin to change may be critical to identifying the point of maximal benefit, rather than focusing on the levels typically separating disease vs nondisease.
Limitations of this study include different missing data for various measures, which may influence the accuracy of each estimate. However, only approximately 15% of participants with missing data had missing data from more than one class of biomarkers (e.g., CSF and imaging), thus measures of a particular pathology (i.e., Aβ or neurodegeneration) are still captured in the majority of participants. A further limitation in models that estimate change is that the model itself may introduce bias. However, the LOESS fit for the model estimated data are consistent with actual data in figure 1, indicating there is little effect of model bias. In support of robust findings, a recent publication focusing exclusively on the longitudinal imaging measures but using a different Bayesian statistical approach found results similar to ours. 33 Our choice of reference region for PET may have effects on the outcomes. However, we have recently performed an analysis in the DIAN population that compared results of longitudinal PiB when using different reference regions with and without partial volume correction 21 and found partial volume correction to be the most important determinant for longitudinal analyses. Further, our recent publication of longitudinal imaging in DIAN found no significant differences on the results when comparing different reference regions. 33 Finally, our results are dependent on the accuracy of the DIAN EYO, which is strongly associated with individual age at onset across multiple mutations. 13 Future collection of prospective disease onset will likely improve the DIAN EYO.
Recent cross-sectional estimates of biomarker changes in the preclinical phases of ADAD and LOAD appear to support the sequence of biomarker changes based on longitudinal data from the DIAN study. However, important differences identified in this work provide the basis of a better understanding of the disease progression. Determining the period of time between initial Aβ pathology and neuronal dysfunction is critical in guiding future trials aimed at disease modification and prevention. These data suggest that the therapeutic window for disease prevention and modification may begin at least 20 years before the onset of dementia symptoms and, particularly in the case of a single therapeutic target (e.g., amyloid), may begin to close within a few years prior to cognitive decline. (DZNE), the Raul Carrea Institute for Neurological Research (FLENI), the MRC Dementias Platform UK (MR/L023784/ 1 and MR/009076/1), and NIHR Queen Square Dementia Biomedical Research Unit. This manuscript has been reviewed by DIAN Study investigators for scientific content and consistency of data interpretation with previous DIAN Study publications. The corresponding authors had full access to the data in the study and had final responsibility for the decision to submit for publication.
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